1. Introduction {#s0005}
===============

This is the third time in less than two decades that the world authorities are facing an epidemic with high transmissibility, caused by subtypes of a coronavirus ([@bb0075]; [@bb0035]). The first epidemic occurred during 2002--2003 in Guangdong province, China. The disease was termed 'severe acute respiratory syndrome' (SARS) and was caused by a newly identified coronavirus that was named SARS coronavirus (SARS-CoV) ([@bb0060]). SARS-CoV infected 8000 individuals from several countries and resulted in 774 deaths. The second epidemic occurred in 2012 in the Middle East. This disease was termed 'Middle East respiratory syndrome' and was caused by a new virus called MERS coronavirus (MERS-CoV). MERS-CoV infected 2494 individuals and resulted in around 860 deaths ([@bb0075]). At the end of 2019, a third epidemic occurred. This was caused by another new type of coronavirus designated by the World Health Organization as SARS-CoV-2. The resultant disease was named 'coronavirus disease' (COVID-19); the disease is now a worldwide pandemic ([@bb0035]).

The recently emerged SARS-CoV-2 was first identified in the city of Wuhan, Hubei province, China. The virus infects humans and a variety of animals, mainly pigs and bats ([@bb0090]). Infection results in a spectrum of clinical manifestations, which are mainly respiratory, ranging in severity from benign to lethal, and it is sometimes asymptomatic ([@bb0090]; [@bb0030]).

In an attempt to understand these epidemics, studies have examined factors that could influence the spread of coronaviruses ([@bb0015]). In general, three factors affect the epidemiology of communicable diseases: the agent of transmission, the host, and the environment ([@bb0060]).

Historically, the occurrences of SARS were partly associated with environmental factors ([@bb0060]). An ecological study conducted in China found that air pollution was associated with lethality in individuals affected by SARS. This was attributed to the fact that short- or long-term exposure to certain pollutants can compromise lung function ([@bb0025]). Another environmental factor was air temperature. [@bb0060] identified, for the first time, that the incidence of SARS was 18 times higher at lower air temperatures than at higher temperatures. The authors reported that respiratory system diseases are more common in colder environments and that the virulence of agents deteriorates at higher climatic temperatures, as they may not be able to withstand the environmental changes. In addition, they pointed out that the transmissibility of SARS-CoV, in terms of climatic fluctuations, is similar to that of the influenza virus. Furthermore, the incidence of influenza increases significantly with low temperatures and high relative humidity ([@bb0085]), indicating that climatic factors can significantly affect viral transmission.

In the case of SARS-CoV-2, meteorological factors seem to influence the spread of the virus ([@bb0080]; [@bb0005]). [@bb0080] identified that the speed of transmission was positively correlated with temperature and correlated with humidity. Thus, it is expected that if the temperature rises to 20 °C, transmission rates increase by an average of 1.8 days. Regarding temperature and mortality rate, a study conducted in four Chinese cities found that colder temperatures had a greater effect on mortality ([@bb0005]). This is in contrast to the results of the study by [@bb0055], which showed that both cold and heat can adversely impact the mortality resulting from respiratory syndromes.

On the basis of the assumption that different climatic conditions play a significant role in the course of COVID-19, it is essential to identify associations between environmental factors, such as average, maximum, and minimum temperatures; precipitation; and demographic density, and SARS-CoV-2 transmission and COVID-19 mortality in humans.

2. Methods {#s0010}
==========

2.1. Data collection {#s0015}
--------------------

Data for the period from December 1, 2019 to March 30, 2020 were collected. For meteorological variables, weather station data were extracted from the National Oceanic and Atmospheric Administration (NOAA) database. Daily data from meteorological stations were segregated by country, and the following variables were recorded: precipitation, average temperature, maximum temperature, and minimum temperature (NOAA, 2020). Daily averages of each meteorological variable for the different countries were calculated. Finally, data on daily infection and death rates were extracted from World Health Organization reports (WHO, 2020).

The demographic density of each country was used as a control variable, with data obtained from the Food and Agriculture Organization and World Bank population estimates for the year 2018 ([@bb6005]). The country\'s time of exposure to the epidemic was calculated from the temporal distance, in days, between the first case registered in the territory and the time of study. A summary of the variables is provided in [Table 1](#t0005){ref-type="table"} .Table 1Data summary.Table 1VariableLabelRangeSourceMeasurementAverage temperatureTAVG2019/12/01 to 2020/03/28NOAA, 2020Degrees FahrenheitMaximum temperatureTMAX2019/12/01 to 2020/03/28NOAA, 2020Degrees FahrenheitMinimum TemperatureTMIN2019/12/01 to 2020/03/30NOAA, 2020Degrees FahrenheitPrecipitation--2019/12/01 to 2020/03/30NOAA, 2020InchesPopulation density--2018World Bank, 2020Persons per km^2^SARS-CoV-2 Infections--2019/12/01 to 2020/03/28WHO, 2020Number of InfectionsSARS-CoV-2 Deaths--2019/12/01 to 2020/03/28WHO, 2020Number of Deaths

2.2. Model {#s0020}
----------

To analyze the association between the number of cases of and deaths from COVID-19 and climatic aspects, we used Eq. [(1)](#fo0005){ref-type="disp-formula"}, as estimated by a panel data strategy ([@bb0100]):$$Y_{\mathit{it}} = \sigma + u_{i} + X_{\mathit{it}}\beta + D_{t} + \varepsilon_{\mathit{it}}$$

Where *Y* ~*it*~ is the dependent variable (total number of cases of SARS-CoV-2 infections or total number of deaths from COVID-19) for 249 countries "*i*" over the period "*t*" from December 1, 2019 to March 30, 2020; *σ* is a constant; *u* ~*i*~ is the control for specific characteristics of the countries that are fixed over the analyzed period; and *X* ~*it*~ is a vector that includes all explanatory variables of the model, including the variable of interest, that is, the mean temperature.

In addition, we included other controls that may be related to the disease, such as average rainfall and the country\'s time of exposure to the epidemic. We included as binary variables *D* ~*t*~, which captures specific effects associated with the months of January and February, and *ε* ~*it*~, which is the error term of this equation that includes all factors that are associated with *Y* ~*it*~ and are not included in the equation.

The advantage of this strategy in relation to a traditional ordinary least squares estimate is that we can control for some country-specific factors that are fixed in time and associated with the number of deaths associated with SARS-CoV-2 infection.

2.3. Data processing strategy {#s0025}
-----------------------------

Two specific outcomes measures were considered. For the first, we analyzed the influence of climatic variables on SARS-CoV-2 infections, and for the second, we analyzed the influence of climatic variables on COVID-19 mortality.

Three estimates were tested for each outcome and are shown in [Fig. 1](#f0005){ref-type="fig"} . The first included only the average temperature; the second included the average temperature, minimum temperature, maximum temperature, precipitation, and the country\'s time of exposure to the epidemic; and the third included the average temperature, minimum temperature, maximum temperature, precipitation, the country\'s time of exposure to the epidemic, population density, and a variable to capture the specific month effects (complete specification).Fig. 1Data processing strategy.Fig. 1

3. Results {#s0030}
==========

[Table 2](#t0010){ref-type="table"} shows the results of correlation analysis between the number of confirmed COVID-19 cases and the average temperature by country. In the first estimated model, there is a negative correlation between the two variables. The significance of this relationship remains even after the inclusion of additional variables such as maximum and minimum temperatures (averages) and time of exposure to the disease. Even with the complete specification that includes two binary variables capturing specific effects for the months of the year and controlling for population density, the results suggest that an increase in temperature is associated with a decrease in the number of infections.Table 2Outcome 1: Correlation between COVID-19 cases and climatic characteristics.Table 2Estimate 1Estimate 2Estimate 3*β*Z[d](#tf0020){ref-type="table-fn"}*β*Z[d](#tf0020){ref-type="table-fn"}*β*Z[d](#tf0020){ref-type="table-fn"}TAVG[a](#tf0005){ref-type="table-fn"}−1.44\*\*\*[e](#tf0025){ref-type="table-fn"}(−3.05)−6.47\*\*\*(−2.69)−6.40\*\*\*(−2.64)TMAX[b](#tf0010){ref-type="table-fn"}----3.71\*\*\*(2.45)3.76\*\*\*(2.45)TMIN[c](#tf0015){ref-type="table-fn"}----1.28(0.88)1.22(0.79)Precipitation----56.72\*\*\*(8.74)56.01\*\*\*(8.74)Exposure Time----15.51\*\*\*(32.17)15.73\*\*\*(31.16)Population DensityNoNoYesDummy MonthNoNoYesConstant−49.83(−1.59)15.51(32.17)15.73(31.16)Observations18,06694099409[^1][^2][^3][^4][^5]

The coefficients shown in [Table 2](#t0010){ref-type="table"} cannot measure causality. There are several other factors that can affect the variable of interest, on which we do not have information, such as the number of beds and the patients\' respective levels of social isolation. However, an association was observed between the climate and the number of COVID-19 cases. These models appear to be quite robust, particularly after the incorporation of controls such as additional climate variables and also month fixed effects.

[Table 3](#t0015){ref-type="table"} shows the results of correlation analysis between COVID-19 mortality and climatic variables. For this outcome measure, there were no significant associations between the coefficients and mortality or average temperature. It is possible that factors other than climate are related to mortality. In the first estimate, we evaluated only the relationship between COVID-19 mortality rates and the average temperature by country, which was significant. In the second estimate, we included the average, minimum, and maximum temperatures as well as the country\'s time of exposure to the disease and did not identify any significant association. In the last estimate, in addition to the controls already included in the previous specification, we also incorporated binary variables to capture any effects that were specific to this period. However, no significant correlation was identified between COVID-19 mortality rates and temperature.Table 3Outcome 2: Correlation between COVID-19 deaths and climatic characteristics.Table 3Estimate 1Estimate 2Estimate 3*β*Z[d](#tf0045){ref-type="table-fn"}*β*Z[d](#tf0045){ref-type="table-fn"}*β*Z[d](#tf0045){ref-type="table-fn"}TAVG[a](#tf0030){ref-type="table-fn"}0.053\*\*\*[e](#tf0050){ref-type="table-fn"}(2.07)−0.10(−0.68)−0.10(−0.67)TMAX[b](#tf0035){ref-type="table-fn"}----0.01(0.18)0.02(0.30)TMIN[c](#tf0040){ref-type="table-fn"}----0.010.120.001(0.01)Precipitation----0.34(0.72)0.33(0.72)Exposure Time----0.85\*\*\*(30.05)0.86\*\*\*(29.12)Population DensityNoNoYesDummy MonthNoNoYesConstant1.55(0.90)2.26(1.25)1.53(0.80)Observations18,06694099409[^6][^7][^8][^9][^10]

4. Discussion {#s0035}
=============

Several factors can influence SAR-CoV-2 transmission, including environmental variables, population density, and medical care ([@bb0095]). This study aimed to identify the associations between environmental variables and SARS-CoV-2 transmission/COVID-19 mortality. A negative correlation was identified between temperature and the number infections.

Although it is known that the influence of temperature on human health can vary between countries and even regions ([@bb0040]), the findings of this study are in agreement with the current literature in that temperature influences the transmission of viruses that cause respiratory syndromes, such as the influenza virus ([@bb0085]) and SARS-CoV-2 ([@bb0070]). By investigating the relationship between temperature and respiratory diseases, studies have indicated that SARS-CoV and the influenza virus survive only under certain climatic conditions and that their transmissibility is sensitive to rising temperatures ([@bb0045]; [@bb0015]), similar to the transmissibility of SARS-CoV-2 ([@bb0095]).

The influenza virus is more transmissible at lower temperatures ([@bb0065]) because cold weather results in the weakening of host immunity, increasing susceptibility to infection ([@bb0050]). Considering that the transmissibility of coronaviruses is similar to that of the influenza virus ([@bb0060]), it can be assumed that these mechanisms also apply to the transmission of SARS-CoV-2 ([@bb0095]).

In the model in which we considered only the average temperature, the observed correlation indicated that for every one degree Fahrenheit increase in temperature, there was a reduction in the number of infections by 1.44 cases/day. Under the composite model (estimate 3 of outcome measure 1), the association was stronger in that there was a decrease in the number of infections by 6.40 cases/day for each degree increase in temperature.

The second finding of this study was the significant association between mortality and average temperature, which was not maintained when other variables were added, indicating that non-climatic variables may be related to COVID-19 mortality. This finding differs from the findings of [@bb0070], who stated that temperature and COVID-19 mortality are negatively associated. One possible reason for the conflicting results is the limited geographical scope of the study by Ma et al., which focused only on China and its climate. Our study included data from a range of countries and climatic regions.

Environmental factors that influence the relationship between temperature and mortality, such as latitude ([@bb0005]); humidity ([@bb0045]; [@bb0050]); air pollution ([@bb0010]); and sociodemographic factors, such as age, sex, and income ([@bb0005]), have been reported. [@bb0015] reported that people who live at low latitudes have a relatively weak adaptive capacity to cold and a strong adaptive capacity to heat, and the reverse has also been shown. High humidity, which is associated with low temperatures, is an important factor in the transmissibility of the influenza virus, either by conserving virulence or weakening the host by cooling the body or drying the respiratory tract ([@bb0045]).

A study reported that temperature and humidity are associated with a higher risk of COVID-19 ([@bb0095]). Therefore, although humidity was not considered in our research because of the lack of information on this variable from some meteorological stations, precipitation seems to be an important factor that must be considered. We found that there was a positive correlation between precipitation and SARS-CoV-2 transmission, showing that for each 1-in. increase in precipitation/day, there was an increase of 56.01 cases/day.

Another result concerns the country\'s time of exposure to SARS-CoV-2. As expected, this variable also showed a positive correlation, showing that for each additional day of exposure there was an average increase of 15.73 cases/day. This finding is consistent with the behavioral evidence on SARS-CoV-2 transmission, that is, after community infection, transmission follows the same geometric progression ([@bb0020]).

It is important to mention that our study only interpreted the significance of the coefficients and not their magnitude because of the probable existence of endogeneity in the estimated relationships, considering that a series of regressors are associated with temperature and disease mortality at the same time.

5. Conclusion {#s0040}
=============

This is the first global study covering all countries affected by COVID-19. We examined the associations between climatic variables and SARS-CoV-2 transmission and COVID-19 mortality. The findings showed a negative correlation between a country\'s average temperature and the number of COVID-19 cases, the absence of a correlation between mortality and the average temperature, and a positive correlation between the country\'s time of exposure to the virus and the number of cases. In addition, this study reported that precipitation as an important factor in the transmissibility of the virus.

This research provides important information that can inform the decisions of local and global health authorities. As climatic variations are associated with the transmissibility of SARS-CoV-2, new policies to reinforce health systems or social isolation methods can be adopted, depending on temperature and precipitation patterns.

As a limitation, we highlight the absence of humidity data, in view of its important role in the virulence of respiratory syndromes. However, because of the current data restrictions, this factor could not be considered, and it should be included in future studies. We also suggest that future studies focus on micro-regions to capture temperature patterns and include variables related to solar radiation.
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